Abstract: Little dendroclimatic research has been conducted on species of Podocarpus, in response to inherent difficulties associated with tree-ring differentiation and cross-dating. We sampled complete stem cross sections from a plantation of Podocarpus salignus trees in Valdivia, Chile, near the southern edge of the species' range. We measured earlywood, latewood, and total ring widths avoiding ring wedging, and we calculated the corresponding chronologies. The relationship of these chronologies with maximum temperature, precipitation, and sea level pressure was addressed using correlation and redundancy analyses. All chronologies showed a similar response to climate that was consistent with the cloudy, rainy, and temperate conditions of the study area. That is, warm and dry conditions during previous late springs were beneficial, while warm and rainy winters under low atmospheric pressures were detrimental for growth. The observed climatic responses are in contrast to those of conifers from mountainous areas of southern South America. Limitation of carbohydrates available for growth in the following active season was a possible cause for the observed responses to climate. That is, high winter temperatures may deplete stored carbohydrates by increasing respiration, and a high degree of cloud cover reduces the radiation received by the trees in the active season, which may hamper photosynthesis. Our work highlights the dendroclimatological value of Podocarpus salignus to investigate the influence of climatic variation on tree growth and forest productivity.
Introduction
The genus Podocarpus includes 105 species distributed throughout tropical, subtropical, and warm temperate areas mainly in the Southern Hemisphere (Farjon, 2001 ). This genus occurs in Australia, New Zealand, New Caledonia, Southeast Asia, Japan, Africa, and South and Central America (Kelch, 1997) .
Dendrochronological research on Podocarpus species is scarce as a consequence of inherent difficulties associated with poorly-defined tree-ring boundaries, lobate growth, ring wedging, and multiple or missing rings (Norton & Ogden, 1990; Bauch et al., 2006; Krepkowski et al., 2011; McDougall et al., 2012) . These traits hamper effective cross-dating among tree-ring series from coexisting trees, and even from the same tree. For instance, February & Stock (1998) stated that the South African species P. latifolius (Thunb.) R.Br. ex Mirb. and P. falcatus (Thunb.) Endl. are not useful for dendrochronological analysis as a consequence of its lobate growth and the formation of multiple rings per year. In contrast, tree-ring series from P. totara G. Benn. ex D. Don and P. hallii Kirk were successfully cross-dated in New Zealand (Dunwiddie, 1979; Norton et al., 1987) . However, even when tree-ring series were successfully cross-dated, Wells (1972) found that chronologies of P. hallii in New Zealand were insensitive to climate. In southern Chile, tree-ring chronologies were developed from cross-dated ring width series measured on increment cores of P. nubigenus Lindl. (Lamprecht, 1984; Sweda & Inoue, 1987) , but no clear statistical links with climate were found. However, recent studies have shown that tree-ring series measured on stem cross sections of Podocarpus can be successfully cross-dated and significant correlations of the resulting chronologies with climate can be calculated (Krepkowski et al., 2012; McDougall et al., 2012) . The use of cross sections has been recommended to overcome the difficulties for tree-ring cross-dating typical of Podocarpus sp. (Norton et al., 1987; Norton & Ogden, 1990) .
Two species of Podocarpus are endemic to southern South America. The most austral species is P. nubigenus. This species occurs in the temperate forests of southern Chile and south-western Argentina between 38-53°S. The more northerly species, P. salignus D. Don., occurs in south-central Chile between 35-41ºS (Rodríguez et al., 1983) . P. salignus is threatened by habitat loss (Farjon & Page, 1999; Hechenleitner et al., 2005) . In general, this species is associated with water-courses in the northern part of its range, and occurs in the understory of rainy temperate forests mainly dominated by Nothofagus obliqua (Mirb.) Oerst. in the southern part of its range (Rodríguez et al., 1983) . Phylogenetically, P. salignus is more strongly associated with the P. smithii de Laub., an endemic species to Queensland, Australia, than with other Podocarpus species from South America (Biffin et al., 2011) .
Little is known about the climatic factors that control tree growth in the temperate rainy forests of the Valdivian region in southern Chile, particularly of P. salignus. To date, no examination of the potential for dendrochronology, or attempt to produce a chronology of this species, has been reported. The objective of this research was to evaluate the influence of Valdivian climate on P. salignus radial growth, considering its earlywood, latewood, and complete tree rings.
Materials and methods

Site description
The study site is located in the Arboretum of Universidad Austral de Chile in Isla Teja, Valdivia, Chile (39°48'51" S, 73°14'45" W), which contains a plantation of P. salignus within the species' natural Valdivia, period 1960 Valdivia, period -2010 . Tmax: maximum temperature; Tmean: mean temperature; Tmin: minimum temperature; Prec: precipitation range (Fig. 1a) . The Arboretum covers 54 ha and is one of the most important botanical collections of Chile. Soils are deep, clayish, and with high organic matter content, formed on old volcanic ash deposed on metamorphic schist. Soil is acidic, with a value of pH around 5, and shows high total nitrogen and interchangeable aluminum content, but low levels of extractable bases, especially phosphorous (Gerding et al., 2006) .
Sampling, sample processing, and dendrochronological analyses
In May 2009, 14 trees were logged for thinning purposes (i.e. to reduce the density of trees) in a P. salignus plantation. The trees were grown from saplings of locally-source seed and were planted during 1975-9 within a regular 2 × 2 m scheme (Fig. 2a) . We took complete basal stem cross sections from the logged trees to analyze tree-ring series. There is a greatest advantage of plantation-grown material for dendrochronological work with Podocarpus species where trees can be cut down and a full stem disc can be used.
The cross sections were processed according to conventional dendrochronological procedures (Speer, 2010) , including wood drying and sanding with progressively finer sandpaper from 100 to 800 grains cm −2
. When wood cellular elements were clearly visible under magnification, the complete cross sections were scanned at high resolution and saved into a TIFF file. Two tree-ring series per section were selected for measuring, avoiding ring wedging found in the sections (Fig. 2b) . Boundaries between consecutive tree rings, and between earlywood (EW) and latewood (LW) within every ring, were detected and the corresponding widths of EW, LW, and total rings (TR) were measured to the nearest 0.001 mm using WinDENDRO ® software (Regent Instruments Inc.) in the Instituto de Geografía, Pontificia Universidad Católica de Valparaíso. This software facilitates automatic and interactive recognition and measurement of tree-ring widths on digital images of wood cores or sections (Guay et al., 1992) . Tree-ring series were cross-dated following the criteria for the southern hemisphere, assigning to every ring the year in which growth started. This dating was verified with the program COFECHA (Grissino-Mayer, 2001). Raw series of EW, LW, and TR were standardized and then averaged on a year-to-year basis to obtain mean chronologies of radial growth. The software ARSTAN (Cook & Holmes, 1996) was used to calculate the standardized chronologies of EW, LW, and TR after a double procedure of trend removal. A linear or negative exponential model was fitted to every raw series, and a cubic spline function with a 50% frequency response of 32 yr was fitted to the obtained residuals. Autoregressive modelling was also applied, which produced growth indices with minimized autocorrelation of the growth series. Individual series of indices for EW, LW, or TR were averaged into a site chronology by biweight robust mean (Cook & Holmes, 1996) . The statistical quality of EW, LW, and TR chronologies was assessed using the standard statistics mean sensitivity, signal-to-noise ratio, mean between-tree correlation, and expressed population signal (Speer, 2010) .
Climate data
We used monthly time series of precipitation and temperature for the 1960-2010 period recorded in the meteorological station of Isla Teja, Valdivia, located at an elevation of 9 m a.s.l. and 1.4 km from the study site. Mean annual precipitation is 2310 mm and mean annual temperature is 12.17 ºC, with mean of minimum temperatures of 7.95 ºC, and mean of maximum temperatures of 17.04 ºC. May, June, July, and August are the rainiest months, with more than 300 mm per month, while December, January, February, and March are the driest, with monthly precipitation lower than 100 mm (Fig. 1b) . December, January, and February are the warmest months, with mean temperatures ranging between 13 and 19 ºC, and maximum temperatures ranging between 18 and 27 ºC. The coldest months are June, July, and August, with mean temperatures ranging between 5 and 11 ºC (Fig. 1b) . In addition, since atmospheric pressure variability causes the weather experienced locally, monthly gridded time series of mean sea-level pressure (SLP) for the study area were obtained from the datasets of the Climate Research Unit (CRU), University of East Anglia, UK, accessible from the web site of the Royal Netherlands Meteorological Institute (http://climexp.knmi.nl/).
Calculation of growth-to-climate relationships
Statistical relations between tree-ring chronologies and climatic time series were studied in 1978−2009, the period with at least 10 trees and 20 tree-ring series in the chronologies (Fig. 3a) . Pearson's correlation was used to calculate the relations between EW, LW, and TR chronologies, and monthly mean maximum temperature (Tmax), total precipitation (Prec), and mean SLP. The growth variance explained by climate on tree-ring chronologies was determined by means of redundancy analysis (RDA), a canonical multivariate method that seeks linear combinations of environmental predictors correlated to linear combinations of response variables (Legendre & Legendre, 1998) . Index chronologies for EW, LW, and TR were used as response variables in RDA and climatic variables revealed as significant by correlation analyses were used as environmental predictors. Stepwise RDAs were calculated to determine the amount of growth variance explained by each predictor, which was given by the canonical eigenvalue λ. Monte Carlo tests with 999 random iterations were used to evaluate the significance of canonical eigenvalues. Partial RDA analyses (pRDA) were also preformed to estimate the shared effect of the climatic variables (Tmax, Prec, and SLP) on the tree-ring chronologies. Total variance in tree-ring chronologies explained by climate was obtained under a reduced RDA model, including the combined effects of all significant climatic predictors. A bi-variate scatterplot of the weighting coefficients for the first two RDA axes displayed the relationships between the climatic predictors and tree-ring chronologies. RDA analyses were performed with the software CANOCO v4.0 for Windows (Braak & Šmilauer, 1998) . 
Results
Mean diameter of cross sections used for this study was 14.05 cm, with a standard deviation of 4.12 cm. The chronologies were calculated based on 27 series from 14 trees. Mean growth chronologies for EW, LW, and TR showed quite similar patterns, with an initial period of reduced growth from 1978 to 1983, a period of released growth between 1984 and 2001, and a growth reduction in 2004 (Fig. 3b) . Mean widths were larger for EW than for LW (Table  1) , with a mean percentage of latewood within a ring of 35.94%. The chronologies of growth indices also showed a similar interannual variation pattern for EW, LW, and TR (Fig. 3c) . Correlations among chronologies were highly significant in all cases (Table 1) . Mean sensitivity was higher for the LW chronology than for the EW and TR chronologies, indicating a larger relative change between consecutive rings for latewood than for earlywood and total tree-ring width. However, the signal-to-noise ratio, the mean between-trees correlation, and the expressed population signal were higher for TR chronology than for EW and LW chronologies, suggesting a larger strength of the common signal for total tree-ring widths than for earlywood and latewood widths (Table 1).
Correlations with maximum temperature were positive in previous November for EW, LW, and TR chronologies, but negative in June for LW and TR chronologies (Fig. 4a) . The patterns of significant correlations with precipitation and SLP were opposite, showing negative correlations with precipitation in previous November and July for EW, LW, and TR chronologies (Fig. 4b) , but positive correlations with SLP in previous November for EW and TR, and in July for EW, LW, and TR (Fig. 4c) .
Considered individually, the EW, LW, and TR chronologies were more strongly related to particular climatic predictors. A strong relation was found for the EW chronology with maximum temperature in previous November (Fig. 5a ). By contrast, the climatic driver most strongly related to the LW chronology was July SLP (Fig. 5b) . In the case of TR chronology, the most influential climatic factor was July precipitation (Fig. 5c) . The chronologies were also negatively related to total annual precipitation, mainly EW and TR chronologies (r = −0.48, p = 0.003 for EW; r = −0.42, p = 0.013 for LW; r = −0.49, p = 0.003 for TR).
RDA analyses showed that maximum temperature was the most important climatic predictor controlling radial growth of P. salignus, with 38.0% of growth variance explained by maximum temperature variation (Table 2 ). The other climatic predictors with a significant effect on growth, precipitation and SLP, explained 29.6 and 23.3% of growth variance, respectively. A significant shared effect of maximum temperature and SLP was revealed by pRDA analyses, with 19.4% of growth variance explained by this interaction, while the combinations maximum temperature-precipitation and precipitation-SLP did not show significant shared effects on growth variation ( Table 2) . The reduced RDA model, accounting for the overall effect of all the significant climatic predictors together, showed that climate explained 44.5% of P. salignus growth variation. The two groups of significant climatic predictors on tree growth revealed by correlations were confirmed by the RDA bi-variate scatterplot (Fig. 6) . Climatic drivers that improved P. salignus growth were ships between P. salignus EW, LW, and TR chronologies and the significant (p < 0.05) climatic variables, according to a whole reduced RDA model. In a RDA bi-variate scatterplot, the correlation between environmental predictors and response variables is given by the angle between two vectors or arrows. Climatic predictors with long vectors are the most significant in RDA analysis. Vectors pointing in a similar direction indicate a positive correlation, vectors almost perpendicular indicate a null correlation, and vectors in opposite directions indicate a negative correlation SLP in July and previous November, and maximum temperature in previous November. Climatic drivers detrimental for growth were precipitation in July and previous November, and maximum temperature in June. Some of these climatic factors showed to be inter-related, as were the cases of maximum temperature in previous November, negatively related to both precipitation in previous November (r = −0.47, p = 0.005) and July (r = −0.51, p = 0.003), and positively to previous November SLP (r = 0.54, p = 0.001). Other significant negative correlations were between precipitation and SLP in previous November (r = −0.50, p = 0.003) and July (r = −0.68, p < 0.001).
Discussion
Growth patterns observed in the cross sections probably revealed the history of the plantation. Slow growth in the period 1978-1983 may correspond to an initial phase of sapling establishment and competition with underlying vegetation. The released growth in 1984-2001 may correspond to the phase of canopy formation, when crowns of trees were big enough to outcompete the surrounding vegetation. Finally, the growth reduction in 2004 may correspond to the phase of canopy closure, with convergence of individual crowns and initiation of inter-tree competition.
The mean percentage of latewood within a ring of 35.94% was considerably larger than those normally observed in natural populations of P. salignus (C. Le Quesne and A. Muñoz, personal observations) . This may be related to the dominance and reduced competition of young trees in a plantation, showing a longer period of growth than the suppressed trees in the understory of deciduous forests, where this species normally occurs in the study area (Rodríguez et al., 1983) . In a 40-year-old plantation of Abies alba Mill., for instance, cambial activity started earlier, stopped later, and lasted longer in dominant trees than in intermediate and suppressed ones (Rathgeber et al., 2011) , which implied the formation of a wider latewood within wider tree rings. P. salignus may show a broad growth period in Valdivia, particularly those trees growing in a plantation under low competition levels, which may cause the formation of a wider latewood in comparison to trees growing under natural conditions.
The percentage of latewood within a ring in the case of P. salignus in Valdivia was similar to those reported in other dendrochronological studies. As an example, a dendroclimatological study in ten stands of Pinus pinaster Ait. showed that the percentage of latewood within a ring ranged between 30.0 and 45.6% (Rozas et al., 2011) . Chronology statistics were generally higher for TR, a result that may be related to a higher year-to-year variability and a larger amount of growth variation related to climate in total tree-ring widths than for EW and LW. Statistics of P. salignus chronologies were lower than statistics from the alpine species P. lawrencei Hook.f. in Australia (McDougall et al., 2012) , suggesting a lower climatic sensitivity of growth in Valdivia than in mountain regions.
All chronologies responded similarly to climate. This response is indicated by the highly significant correlations between chronologies. The main climatic signal was related to previous November conditions, indicating that a warm and dry late spring is beneficial for growth of P. salignus in Valdivia. This response is consistent with those of P. lawrencei in Australian alpine areas, which showed a positive response to maximum temperature and negative to precipitation in previous October and November (McDougall et al., 2012) . A similar response has been described for Pinus canariensis C. Sm. ex DC. growing under cloudy conditions in the Canary Islands, with a negative response to precipitation in previous spring (Rozas et al., 2013) . Low atmospheric pressure increases cloudiness and rainfall, but reduces temperature in the study area (Aravena & Luckman, 2009; González-Reyes & Muñoz, 2013) . Limitation of the synthesis of carbohydrates due to cloudiness and low temperatures was the most probable cause for the observed responses to climate. Low maximum temperatures and a reduced radiation received by the trees due to high cloud cover commonly reduce the photosynthetic rates and the amount of carbohydrates available for growth in the following active season, as has been previously established (Graham et al., 2003; Min & Wang, 2008) .
The second climatic signal observed in the chronologies was related to winter conditions, particularly the negative effects of June maximum temperature and July precipitation. Warm and rainy winters are associated with low atmospheric pressures, which showed to be detrimental for P. salignus growth in Valdivia, and more particularly for latewood growth. High winter temperatures may deplete carbohydrates by increasing respiration when photosynthetic activity in evergreen conifers is reduced and their loss cannot be reloaded (Ögren, 1997) . In addition, the negative response of conifer growth to winter precipitation showed to be widespread under wet climates in the Northern Hemisphere (Peterson & Peterson, 2001; Thomsen, 2001; Mäkinen et al., 2002; Rozas et al., 2011) , and related to conditions of soil water surplus and cloudiness in the rainy season. The declining trend of winter precipitation recorded in Valdivia during the last decades (Gonzalez-Reyes & Muñoz, 2013) suggests that the detrimental impact of rainfall on P. salignus growth would decrease in the future. The negative responses to precipitation observed for P. salignus in Valdivia were opposite to those found in other conifers growing in mountain areas of southern South America under water-limited conditions, such as Araucaria araucana (Molina) K. Koch, Austrocedrus chilensis (D.Don) Pic. Serm. & Bizzarri, and Pilgerodendron uviferum (D.Don) Florin whose radial growth was improved by rainfall occurrence (Le Quesne et al., 2006; Aravena, 2007; Muñoz et al., 2014) .
This work highlights the value of Podocarpus salignus to investigate the influence of climatic variation on tree growth and forest productivity, in spite of the particular difficulties typical of this genus for treering differentiation and cross-dating. Complete stem cross sections were sampled from a plantation of young trees growing under uniform conditions and without external disturbances. We showed that P. salignus growth was sensitive to climatic factors consistent with the cloudy, rainy, and temperate conditions in Valdivia, Chile, near the southern range edge of the species. Results from this research show the potential for dendroclimatic investigation at low elevations in Chile. We are planning further research in both artificial plantations and natural populations of P. salignus in order to obtain a deeper understanding of the modulation of growth by climate in the Valdivian region.
